Kicker magnets are used for injection and extraction in the CERN PS. The addition of the LHC facility to the complex of accelerators at CERN requires an improved performance of the existing kicker magnet systems in the CERN PS. The injection kicker field must rise and fall from approximately 1 % to 99% of full strength during the 96ns time interval between bunches, whereas the extraction kicker field must rise from approximately 0.5% to 99.5% of full strength during a gap of 12111s created in the beam. The kicker magnet systems require pulse forming network (PFN) voltages of up to 80kV. Displacement current arising from the turn-on of a multi-gap thyratron can significantly increase the effective rise-time of the kick. Saturating inductors can be used to reduce both the effect of the displacement current and the risetime of the main current pulse. This paper describes the results of measurements on a system which includes saturating inductors. Some of the measurements are compared with theoretical predictions.
INTRODUCTION
Three gap deuterium filled thyratrons [l] are used as switches for the PS kicker magnet systems. The individual gaps in a three gap thyratron break down in sequence. Initially the gap closest to the cathode conducts and the full PFN voltage is shared between the centre and anode gaps. Approximately 40ns to 50ns later the centre gap starts to conduct and the full PFN voltage builds up across the anode gap. The collapse of voltage across one gap causes a displacement current to flow in the parasitic capacitance of off-state gaps. The displacement current flows in the external circuit and hence through the kicker magnet, and thus can increase the effective rise-time of the kick. One promising method of decreasing the effect of the displacement current involves the use of a "displacement current saturating inductor" (DISI) connected on (or near) the input of a kicker magnet. A "switching loss saturating inductor" (SLSI) may be connected adjacent to the thyratron anode to reduce the switching losses [2] , so that thyratron life can be extended. This also improves the pulse voltage rise-time [3] and permits the adjustment of the thyratron reservoir voltage without any change in rise-time [4] .
MEASUREMENTS
rdl - __
I Circuit
Recent measurements have been carried out at TRIUMF in collaboration with CERN as part of the Canadian contribution to the LHC project. The test circuit consists of an 8OkV pulse generator which can deliver 40kV pulses into a kicker magnet. The pulse generator is a 30R system, on loan to TRIUMF from CERN PS Division, and has been modified to permit testing with saturating inductors (SLSI) connected on the thyratron anodes ( fig.1) . The kicker magnet is a 10 cell, 31.5R prototype transmission line kicker magnet which was built at TRIUMF [5] as part of the KAON factory project definition study. This kicker magnet is based on the design of those of the CERN PS division [6] . The kicker magnet is housed in a vacuum tank and operated with PFN voltages of 60kV and 80kV for the tests described here. Measurements were performed with and without saturating inductors and with the kicker terminated in either a short-circuit or 30R. The circuit configuration is shown in figure 1 . The one-way delay of T~ and z,,is 22011s and 26ns respectively. 7% is 36ns for a resistive terminator and is 6ns when a short-circuit is placed at the output to the kicker magnet, at the Lemo connector that is at the base of the vacuum tank. The inductance characteristics of the saturating inductor is related to the cross-sectional area (CSA) of the ferrite. Ferrite toroids, manufactured from CMD5005 [7] , were connected on the input to the kicker magnet. The DISI ferrite is quite thin (2.5mm), with an inner diameter of 40" and a total CSA of 12cm2. Previous measurements [S] have shown that the pre-pulse field is improved when 12cm2 of thin ferrite is used, rather than 12cmZ of thick (10") ferrite. The SLSI consists of 60cmZ CMD5005 ferrite with an inner diameter of lcm and an outer diameter of 7cm. The stray capacitance from the SLSI to ground enhances a 3"l pre-pulse displacement current peak in the voltage pulse [4] .
Measurement System
Capacitive pickups were installed on the high voltage capacitance plates at the input and output of the magnet to measure the input (Vi,,) and output (V,J voltages. The field in the kicker magnet is determined from j(Vi,,-VJdt. Signal averaging methods were employed in the TDS724A oscilloscope so that each waveform measured was the result of averaging 200 pulses. This improves the signal to noise ratio and permits accurate measurements of the pre-pulse displacement current. Measured data was transferred to a PC for processing. Software, which was developed at TRIUMF, reads in the data, and provides data manipulation functions which include: correction for droop of the analogue integrator; normalisation and phase advance/delay. The files are then read into Probe [9] for further processing. The voltage droop associated with the analogue integrator is compensated for by analysis methods presented in a previous paper [8] . There is also a small portion of the signal (2%) which is due to inductive coupling in the signal cables situated inside the vacuum tank. The inductive coupling component was derived from measurements with the magnet terminated with a short circuit. This small correction was applied to the voltage waveforms from the capacitive pickups before calculating the field. Figure 2 shows the results of measurements with a PFN voltage of 80kV, a short-circuit terminator, a MS SLSI and a DS SLSI. The dashed line shows the kicker magnet field with 12cm2 DISI. The solid line shows the field without a DISI. Note that there is a notch (undershoot) at the beginning of the flat-top of the field. This is due to a mismatch at the input to the magnet caused by the inductance of the housing for the DISI ferrite. The short-circuit is applied external to the vacuum tank and thus there is an inductance to ground at the output which also contributes a small amount to the notch in the pulse. PSpice calculations showed that this notch can be corrected by installing speed-up networks at the input and the output to the magnet each consisting of 200pF in series with 30R to ground. Rise-time measurements were performed without any speed-up networks. Since there is a notch in the flat-top of the pulses we present the data with rise-time definitions of 0.5% to 90% and 1% to 90%. This permits a consistent comparison of the effect that the ferrites have on the pre-pulse displacement current. Table 1 shows field rise-times for both 60kV and 80kV on the PFN, with and without ferrites, with a resistive terminator (R) and with a short-circuit (SC) terminator. In all cases there is a DS SLSI but this will not influence the front edge of the pulse. The DS SLSI reduces ripple at the trailing edge of the flat-top of the pulse which is caused by the DS anode displacement current. In table 1 the rows in bold face are those in which there is both a DISI and a MS SLSI. The rise-times for 60kV and 80kV are the same. The short-circuit rise-times are longer than the resistively terminated rise-times as is expected since the fill-time is 6411s (52ns+12ns for the output stripline) for the short-circuit case compared with 2611s for the resistively terminated case. There is a marked improvement in the rise-times if a DISI is used. The MS SLSI with no DISI causes an increase in the rise-time, due to a large 3' ' displacement current peak; this shows up in the voltage waveforms but is not apparent in the integral, since the integration tends to blend the 3"' peak into the rising edge. The rise-time from 0% to 0.5% is 90ns when a DISI is installed for the short circuit case ( fig. 3 ), so that a very small error in pre-pulse amplitude can introduce a large error in rise-time, depending on the rise-time Time (s) Figure 3 . Pre-pulse kicker field with 80kV PFN, DS and MS DISI, with and without a 12cmZ DISI, with a short-circuit terminator or a resistive terminator. definition. This probably explains why for some of the cases, a slight improvement of rise-time occurs when there is a DISI with a MS SLSI, and in other cases it appears to improve without a MS SLSI. Figure 3 shows the pre-pulse field for an 80kV PFN voltage with a MS SLSI installed. The magnitude of the pre-pulse field with no DISI is 2.8% (2%) of the full field with a resistive (short-circuit) terminator. The magnitude with a 12cm2 DISI is 0.9% (0.6%) of the full field with a resistive (short-circuit) terminator. The measured prepulse field with a resistive terminator and without any ferrites is 3.2% of the full field ( fig. 4) 
Measurement Results
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CALCULATIONS
The magnitude of the pre-pulse field, due to displacement current is dependent on the impedance of the kicker system. Fig 4 shows a plot obtained from PSpice calculations of the pre-pulse field versus magnet impedance for various magnet fill-times for the case without a SLSI or DISI in the circuit. The flat-top current in a kicker magnet, for a fixed PFN voltage increases as the magnet impedance reduces but the displacement current is almost constant.
Therefore the amount of ferrite required to reduce the pre-pulse ripple is reduced for low impedance systems. Theoretical calculations were performed to optimize the PS injection kicker (FAK) configuration, which is a 15Q system operating at 80kV PFN voltage, using a PSpice model [9] of a thyratron [lO] . The fill-time of the FAK with a resistive terminator is 56ns, which is to be compared with 64ns for the short-circuit TRIUMF magnet. The goal is to achieve a 0.5% to 99.5% field rise-time of 12111s. The simulation carried out includes a DISI where the CSA has been optimised to 3cm2. However experience with the KAON prototype 30Q kicker magnet at TRIUMF [8] , operating at a PFN voltage of 50kV, showed that the DISI is slightly less effective at suppressing the effects of displacement current than predicted; thus 4cm2 may be required for the FAK. Including a CSA of 3cm2 reduces the theoretical field rise-time from 18411s to 13411s. In addition the values of four speed-up component networks have been optimized (with lossy transmission lines modelled). The resulting predicted field rise-time (0.5% to 99.5%) is 127ns.
CONCLUSION
The measurements show that there is considerable reduction in the field rise-time with the inclusion of a DISI in the circuit ahead of the kicker magnet. The use of a SLSI has only a slight benefit for the rise-time. However a MS SLSI will cause a reduction in thyratron switching losses and permits the reservoir voltage to be adjusted without affecting the rise-time. The measurements confirm calculations and thus show that the calculations for the PS kicker are quite realistic.
